Background Two-stage reimplantation arthroplasty is a commonly used approach for treating chronic periprosthetic joint infections. A prereimplantation threshold value of erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP) to determine infection eradication and the proper timing of reimplantation remains ill defined. We theorized that rather than a specific numeric threshold, a percentage of improvement in these serology markers might improve diagnostic accuracy in determining the timing of reimplantation. Question/purposes We investigated if (1) the percent, or delta, change in ESR and CRP values from preresection to prereimplantation (DESR, DCRP) is a useful marker of infection eradication and (2) whether the initial PJI causative organism (resistant, nonresistant, or culture-negative) is associated with serum ESR and CRP values before and after treatment with an antibiotic spacer and parenteral antibiotic therapy. Methods We retrospectively reviewed 300 patients, nine of whom were lost to followup, treated with a two-stage revision THA or TKA protocol between 2005 and 2014 from two separate institutional arthroplasty registries. Serum ESR and CRP values were recorded at two designated points: (1) preresection and (2) after 6 weeks of intravenous antibiotic therapy with a drug-eluting spacer and completion of an organism-specific intravenous antibiotic regimen. Patient records were reviewed electronically for causative species of infection, revision surgeries, and recurrent/persistent infection based on Musculoskeletal Infection Society criteria for a minimum of 2 years. Forty-eight of 291 patients (16%) underwent a revision procedure for recurrent or persistent infection, whereas 31 patients (10%) were revised for noninfectious reasons. The DESR, DCRP, culture results, and patient demographics were recorded and analyzed with receiver operator curves controlling for American Society of Anesthesiologists (ASA) class.
Introduction
In North America, two-stage reimplantation arthroplasty is widely considered the reference standard for treatment of chronic periprosthetic joint infections (PJIs) in the setting of THA and TKA [24] . After component explantation and placement of an antibiotic-eluting spacer, the surgeon often uses a combination of inflammatory markers, culture results, and overall clinical appearance to assess treatment response and to guide reimplantation timing [18, 22] .
Several recent studies have questioned the reliability and predictive capabilities of two commonly used serum inflammatory markers: erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP), in determining the success of subsequent joint reimplantation after PJI [10, 13, 20] . These studies have suggested that the normalization of ESR and CRP was not associated with infection-free survivorship after reimplantation nor was consistent elevation of ESR and CRP associated with an infection-related return to the operating room. In a study specifically looking at PJI after THA, Shukla et al. [25] found that 62.5% of ESR and 27.5% of CRP values remained elevated compared with their cited threshold cutoff levels in the prereimplantation period in patients in whom the infection had been eradicated.
Because of this uncertainty surrounding serologic threshold values, we asked whether a percent improvement in serology markers might improve diagnostic accuracy to help determine the timing of second-stage reimplantation. We sought to determine whether (1) the percent, or delta, change in ESR and CRP values from preresection to prereimplantation (DESR, DCRP) is a useful marker of infection eradication and (2) whether the initial PJI causative organism (resistant, nonresistant, or culture-negative) is associated with serum ESR and CRP values before and after treatment with an antibiotic spacer and parenteral antibiotic therapy.
Patients and Methods
After obtaining requisite institutional review board approval, we reviewed the institutional databases at two tertiary referral total joint centers (OrthoCarolina, Charlotte, NC, USA, and the Hospital for Special Surgery, New York, NY, USA) for all patients with chronic TKA/THA PJI between 2005 and 2014. We excluded all acute hematogenous and perioperative infections occurring within 3 months of index surgery [16] . A query of the databases resulted in 630 potential patients available to screen for eligibility who underwent a first-time two-stage revision arthroplasty (Stage 1 = explantation and antibiotic spacer placement; Stage 2 = removal of spacer and reimplantation arthroplasty). Preliminary exclusion criteria included those treated with a prior two-stage protocol for PJI, acute infections (< 4 weeks of symptoms), simultaneous multiple joint infections, PJI in the setting of documented inflammatory arthropathy (rheumatoid disease, systemic lupus erythematous, etc), fungal PJI, and those with PJI with existing hardware from previous fracture fixation or extensor mechanism disruption. Furthermore, we excluded patients who were referred to our institutions with an antibiotic-loaded cement spacer in place who did not have preresection inflammatory markers because of the discrepancies this creates in trying to standardize an antibiotic course and timing of reimplantation. We did, however, include six patients who underwent an interim spacer exchange at one of the two participating centers as a result of the persistence of infection as identified by preoperative laboratory values, culture testing, and/or intraoperative pathology. We treated the serology values before the final reimplantation as prereimplantation values. This left us with 375 eligible patients for analysis, nine of whom were lost to followup. Sixty-four participants were excluded for incomplete recordings of both serologic markers at the Volume 477, Number 2 ESR and CRP Change and Timing of Reimplantation 365 preresection time point and 11 patients were excluded for not having a record of prereimplantation values. Our final analysis included 291 patients with minimum 2-year followup and complete serologies at the two stated time points (Fig. 1) . Serum ESR (mm/hr) and noncardiac CRP (mg/L) values were recorded at two designated points: (1) preresection and (2) after completion of 6 weeks of organism-specific intravenous (IV) antibiotic therapy with at least an additional 2-week antibiotic holiday with a drug-eluting spacer before reimplantation. All patients included met the modified Musculoskeletal Infection Society (MSIS) diagnostic criteria for PJI, which was also used to determine infection-related failures [21] . We applied the conventional thresholds for upper limits of normal of 30 mm/hr for ESR and 10 mg/L for noncardiac CRP as references [1, 2, 27, 28] . A final joint aspiration was routinely performed before reimplantation and fluid was analyzed for synovial white blood cell count with differential and tested for aerobic and anaerobic cultures. All patients were treated with similar protocols for two-stage reimplantation by one of nine fellowship-trained arthroplasty surgeons at either institution. These included the regular use of high-dose antibiotic-laden polymethylmethacrylate (PMMA) spacers fashioned with 4 g of organism-specific antibiotics per package of PMMA for culture-positive cases and a combination of 2 g vancomycin and 2.4 g tobramycin per package of cement for culture-negative cases. Intravenous antibiotics were then continued for 6 weeks with at least a full 2-week antibiotic holiday period before rechecking serologies. All patients underwent thorough débridement of infected tissue and placement of an antibiotic-laden cement spacer, either static or articulating. Patients were followed by the infectious disease service and started on a 6-week course of organism-specific IV antibiotics. Patients with culturenegative infections received varied broad-spectrum antibiotic regimens at the discretion of the infectious disease consultant. The most common combination of broadspectrum treatments included vancomycin and ceftriaxone. All surgeons routinely used antibiotic-laden cement for knee reimplantation and utilized cementless revision components for hip reimplantation. At one institution, the protocol was to wait 3 months before reimplantation, but at the other institution, this practice varied. It was not customary to prescribe oral suppressive antibiotics after reimplantation. At the time of Stage 2 reimplantation, frozen section histopathology was sent at the discretion of the treating surgeon [5, 9, 19] .
Demographic and surgical variables recorded included age at the time of Stage 1 resection, sex, operative joint (hip or knee), body mass index (BMI), American Society of Anesthesiologists (ASA) classification, and microbial organism cultured at the time of resection. The median age at time of explantation for the cohort was 65 years (range, 34- 90 years) and the median BMI was 32 kg/m 2 (range, 18-62 kg/m 2 ). Of the 291 patients included in final analysis, there were 145 hips (50%) and 146 knees (50%) and 159 were men (55%) and 132 (45%) women. Ninety-three percent of patients were either ASA Class II or III; five patients were classified as ASA Class I and 11 patients as ASA Class IV. The median time to reimplantation was 102 days (interquartile range [IQR], 84-133 days). Patient records were reviewed for return to the operating room, revision procedures, and recurrent or persistent PJI for a minimum of 2 years. Recurrent or persistent infection was defined as any reoperation for PJI (based on MSIS criteria), one positive aspiration after the drug holiday, culture-positive findings at the time of reimplantation, or two positive cultures obtained by aspiration after the second-stage reimplantation.
Forty-eight of 291 patients (16%) underwent a revision procedure for recurrent or persistent infection, whereas 31 patients (10%) were revised during the review period for noninfectious reasons. Noninfectious revision indications included aseptic loosening (12) , instability (nine), periprosthetic fracture (four), wear-related complications (four), arthrofibrosis (one), and osteolysis (one).
Causative organisms for initial PJI included 59 (20%) coagulase-negative Staphylococcus, 32 (11%) methicillin-resistant Staphylococcus aureus (MRSA), 44 (15%) methicillin-sensitive S aureus, 37 (13%) Streptococcus species, 10 (3%) nonresistant Enterococcus, and 68 (24%) other organisms. Forty-one patients (14%) had culture-negative infections, as defined by the MSIS.
Changes in serum inflammatory markers were analyzed using a two-sided Wilcoxon rank-sum test for a nonparametric distribution of values across the groups. These ESR and CRP values were reported as medians and IQRs. Culture results and patient demographics were recorded and analyzed during subgroup analysis using receiver operator curve (ROC) testing for the area under the curve (AUC) regarding the changes in ESR and CRP while controlling for ASA class. ROC curves display the relationship between statistical tests in which false-negative results (1-specificity) are plotted on the X-axis against sensitivity (true-positive results) on the Y-axis. An AUC equal to 1 exhibits an ideal test with 100% sensitivity and specificity, whereas an AUC < 0.5 indicates a test no better than chance. Youden's J-statistic was used to attempt to determine a threshold value for each serologic marker on its ROC curve. Statistical significance was set at p < 0.05. All statistical testing was conducted using SAS 9.4 for Windows (SAS Institute Inc, Cary, NC, USA).
Results

Is There a Threshold DESR or DCRP That Can Guide Reimplantation?
Receiver operator characteristic AUCs demonstrated that both the DESR (AUC = 0.581) and DCRP (AUC = 0.539) percentages were poor markers of recurrent or persistent infection risk ( Fig. 2A-B) . When comparing preresection with prereimplantation values, the median percent DESR was 50% (IQR, 17%-77%) for those patients who remained infection-free versus 59% (IQR, 29%-78%) for those who became reinfected (p = 0.540). The median percent DCRP was 77% (IQR, 47%-92%) for those patients who remained infection-free versus 79% (IQR, 46%-95%) for those who experienced reinfection (p = 0.634; Table 1 ). For the overall cohort, the median preresection ESR value was . When evaluated independently, there were no differences noted between preresection and prereimplantation absolute ESR or CRP values in patients who became reinfected and those who did not. As a result of the low sensitivity and specificity caused by the wide distribution of changes in inflammatory levels for those who did and did not experience a reinfection, a threshold value could not be calculated by Youden's J-statistic.
Are ESR and CRP Levels Associated With Organismspecific Differences?
When performing a subgroup analysis on the causative organisms associated with the primary PJI, the only serologic difference noted was higher prereimplantation ESR values in those afflicted with a MRSA PJI ( Table 2) . No statistically significant difference was noted when DCRP values between resistant and nonresistant PJIs were compared (p = 0.241).
Patients with culture-negative infections exhibited no differences in serum inflammatory markers at both recorded points compared with those with identifiable organismdriven PJI (Table 3) . Recurrent or persistent PJI risk was not associated with initial resistant versus nonresistant speciation (odds ratio, 1.192; p = 0.800; 95% confidence interval, 0.4624-3.0743). There were no associations noted between initial causative PJI species and recurrent infection given the broad distribution of organisms (Table 4) .
Discussion
Given that the goal of treating PJI with two-stage reimplantation arthroplasty is to eradicate the infection, properly interpreting laboratory tests between stages is critical to defining the time for reimplantation. Previous authors have been unable to identify a serologic threshold to guide the timing of reimplantation [4, 10, 13, 25] . However, no study of which we are aware has sought to investigate if the percent change in serum ESR and CRP might serve as a more accurate marker of reinfection risk than an absolute threshold value. By investigating the DESR and DCRP before and after two-stage revision arthroplasty, we discovered that the percent change was not associated with reinfection. Secondarily, we found that causative PJI organisms were neither associated with changes in ESR and CRP nor the incidence of persistent or recurrent infection.
Although we have reviewed many patients treated with an established two-stage exchange protocol over a 10-year period, multiple study limitations exist. Our records did not have the granularity to adequately capture information regarding systemic host factors and limb status, both of which have been noted to influence clinical success when treating PJIs [6, 16] . The importance of classifying the host status has recently been recognized by the MSIS host classification system and has shown associations between poor host grade and reinfection risks [6] . Although this is now recognized as being an important factor in any study regarding PJI, it was not possible to cite this accurately in a retrospective manner. We did, however, record ASA classification as a crude measure of overall health. Additionally, our data set did not capture whether an articulating versus static antibiotic spacer was placed at the time of explantation. Controversy remains regarding the clinical benefits of each spacer type, but to date, neither has been shown to have superior infection eradication rates [3, 7, 11, 17] . A third limitation in our analysis is that the multiple causative infectious species precluded us from comparing individual organisms as a result of the low overall effect size of each bacteria type. We chose to include six patients with antibiotic spacers who underwent a spacer exchange and treated them as recurrent/persistent infections. It was the decision of the treating surgeon to perform repeat débridement and spacer exchange, which may add additional bias to the study because a specific serologic threshold was not used. Decisions of this nature do not solely depend on one test, but are a compilation of wound appearance, host status, remaining bone stock, serology, pain patterns, and causative organisms that drive a surgeon to redébride or reimplant. An additional limitation that we continue to learn more about is chronic antibiotic use. We do not have accurate records of whether patients were continued on prolonged oral suppressive antibiotics after two-stage reimplantation, as is more commonly done at the present time given early findings that it may increase infection-free survivorship [8, 26] . We do not think this limitation alters the underlying findings of our study, however, because suppressive antibiotics are typically given for a variable time course. Thus, if an underlying infection were to be present, it might be expected to reappear once the oral regimen is stopped. An additional limitation to consider is the fact that we report on the outcomes of two-stage protocols conducted at two high-volume, tertiary referral centers. Thus, the different bacterial profiles of these regions and subtle differences in the timing of laboratory draws and antibiotic regimens as part of the two-stage treatment with multiple providers may limit the generalizability of our results. Furthermore, the variable timing to ultimate reimplantation may confound the reproducibility of our findings. Although we reported on an average of 14 weeks between stages, it is common practice for physicians to space surgeries outside of the 90-day global period given scheduling issues with a busy clinical practice and concerns with reimbursement for the workload performed. With this said, we strongly believe that the strength of our study rests in the large sample and effect size that provide a strong case that the change in serologies is no better than chance to predict infection-related failures. Although there are other important variables to control for, given our available sample size, the regression model would only support one covariate for analysis. We chose ASA as a surrogate for patient health status because this was the most consistent such measure across time.
We found that both the DESR and DCRP percentages were poor markers of recurrent or persistent infection risk. Several previous studies have investigated how to best monitor infection status using serologic testing in the period before reimplantation [10, 13, 14, 25] . However, all studies of this nature suffer from the fact that two-stage reimplantation is a relatively successful procedure. Therefore, when comparing laboratory values of successfully treated patients with those who became reinfected, a very large sample size is needed to reach adequate power.
In their small case series, Lindsay et al. [14] Although our study population was larger than the four aforementioned studies combined, we were unable to determine a percent change threshold in either serology value to accurately predict reinfection. We found that the preexplantation ESR was significantly higher in PJI caused by resistant versus nonresistant bacteria. This is not necessarily surprising given the virulence of MRSA compared with nonresistant bacteria. Regarding MRSA, Ryu et al. [23] found increased preresection CRP serologies were associated with an increased risk of reinfection (13.9% versus 4%) and a longer duration of IV antibiotic treatment needed for CRP to normalize. Unfortunately, in our series, the prereimplantation ESR and CRP values in patients with resistant and nonresistant PJI afforded no added utility when trying to predict reinfection in at-risk patients. Culture-negative PJIs in our series did not vary in preresection or prereimplantation inflammatory markers after 6 weeks of IV antibiotic treatment from those with positive cultures. Huang et al. [12] found no difference between infection eradication rates when treating culture-negative PJI with parenteral vancomycin as part of their 6-week postresection protocol by using the assumption that there was an underlying Gram-negative cause. However, their study cohort also considered débridement and retention protocols, which may decrease the generalizability of their findings. Choi et al. [4] and Malekzadeh et al. [15] found that patients with culture-negative PJI commonly had higher rates of previous antibiotic use yet lower rates of infection recurrence after two-stage arthroplasty. This is in contrast to Mortazavi et al. [20] , who reported a 4.5 times increased odds of infection with culture-negative PJI. We did not find a higher risk of reinfection with culturenegative patients in our series nor did we have complete information regarding prior antimicrobial therapies. If prior antibiotic use is the presumed cause of some culturenegative infections, it does not seem to affect recurrence rates.
We have shown that the delta change in ESR and CRP, regardless of causative organism, provides no additional diagnostic accuracy to guide the timing of reimplantation. The decision to reimplant the definitive prosthesis in the setting of PJI must therefore take into account a number of variables rather than a specific threshold for serum inflammatory markers. At this time, we believe surgeons should continue to use a variety of tools to guide the timing of reimplantation, including clinical suspicion, wound appearance, and pain relief in addition to serology, synovial fluid analysis, and intraoperative findings.
